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An Mtw1 Complex Promotes Kinetochore
Biorientation that Is Monitored
by the Ipl1/Aurora Protein Kinase
complex (APC), a multiprotein ubiquitin ligase that cata-
lyzes the proteolysis of the anaphase inhibitor Pds1p.
Although the primary defect that signals the checkpoint
is not known, lack of microtubule attachment to kineto-
chores or the tension that microtubule-generated forces
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exert on the kinetochore activates the spindle check-
point. In budding yeast, the conserved kinetochore pro-
teins Ipl1/Aurora and Skp1 differentiate between these
two activators of the checkpoint (Biggins and Murray,
Summary
2001; Kitagawa et al., 2003). Although the Ipl1/Aurora
protein kinase is required to activate the spindle check-
Chromosome segregation depends on kinetochore bi- point in the absence of tension resulting from defects
orientation so that sister kinetochores attach to micro- in DNA replication or sister chromatid cohesion, the
tubules from opposite poles and come under tension. requirement for Ipl1p in checkpoint arrests induced by
The budding yeast Ipl1/Aurora protein kinase allows kinetochore defects has not yet been explored.
the absence of tension to activate the spindle check- Our understanding of kinetochore function has been
point. We found that checkpoint activation in the greatly aided by studies in the budding yeast where over
mtw1-1 kinetochore mutant requires Ipl1p, suggesting 40 kinetochore proteins have been identified, many
that Mtw1p promotes tension. We isolated mtw1-1 of which are conserved (for review, see Biggins and
dosage suppressors and identified Dsn1, a kineto- Walczak, 2003). The kinetochore is organized into dis-
chore protein that immunoprecipitates with the Mif2/ tinct subcomplexes that have been placed into inner,
CENP-C and Cse4/CENP-A proteins, as well as the central, and outer domains based on two criteria: (1) in
Mtw1, Nnf1, and Nsl1 kinetochore proteins. mtw1 and vitro centromere or microtubule binding activities and
dsn1 mutant strains exhibit similar phenotypes, sug- (2) in vivo dependency relationships for centromere as-
gesting that Mtw1p and Dsn1p act together. Although sociation. The inner kinetochore CBF3 complex binds
mtw1 mutant cells contained unattached chromo- centromeric DNA and is required for the centromere
somes, attachment was restored by impairing Ipl1p association of all other kinetochore proteins (Lechner
function. These results suggest that mtw1 mutant ki- and Carbon, 1991). The inner kinetochore also contains
netochores are competent to bind microtubules but Cse4/CENP-A, the conserved centromeric histone H3
Ipl1p generates unattached chromosomes. We there- variant, as well as the Cbf1 and Mif2/CENP-C proteins
fore propose that an Mtw1 complex is required for (Cai and Davis, 1990; Meluh and Koshland, 1995; Stoler
kinetochore biorientation that is monitored by the et al., 1995). The central kinetochore includes the con-
Ipl1p kinase. served Ndc80/HEC-1 complex (Cheeseman et al., 2002;
Janke et al., 2001; McCleland et al., 2003; Wigge and
Kilmartin, 2001), implicated in the stabilization of kineto-Introduction
chore-microtubule attachments, and the large Ctf19
complex (Cheeseman et al., 2002), which can be dividedThe faithful transmission of genetic material relies upon
into at least three subcomplexes (Cheeseman et al.,the connection between chromosomes and the mitotic
2002; Measday et al., 2002; Ortiz et al., 1999; Pot et al.,spindle. This essential interaction is mediated by the
2003). The outer kinetochore contains the Dam1/DASH/kinetochore, a specialized protein structure that assem-
DDD complex (Cheeseman et al., 2002; Janke et al.,bles on centromeric DNA and facilitates the capture of
2002; Li et al., 2002), the only one known to requirespindle microtubules that emanate from opposite spin-
microtubules for its kinetochore association, as well asdle poles. This bipolar attachment requires that sister
several microtubule motors and nonmotor microtubule-kinetochores are physically bioriented. Tension is gener-
associated proteins.ated when microtubules bound to bioriented kineto-
Although a number of kinetochore proteins have beenchores exert poleward-directed forces that are resisted
identified, little is known about how their assembly andby the physical linkage (cohesion) between sister chro-
activity is regulated. The Ipl1/Aurora protein kinase is
matids. Once each chromatid pair achieves biorienta-
a key regulator of kinetochore function because it is
tion, the cell transitions into anaphase, allowing sister
required to generate bioriented kinetochore-microtu-
chromatids to rapidly segregate to opposite poles. bule attachments (Biggins et al., 1999; Tanaka et al.,
The interaction between kinetochores and microtu- 2002). In ipl1 mutant cells, kinetochores are competent
bules is monitored by the spindle checkpoint, a con- to bind to microtubules, but 85% of the time sister chro-
served signal transduction system that prevents sister matids are segregated to the same spindle pole. A simi-
chromatid separation until biorientation is achieved (for lar increase in mono-oriented attachments is observed
review, see Musacchio and Hardwick, 2002). Defects in in cultured vertebrate cells when Aurora B function is
kinetochore-microtubule interactions result in check- compromised using inhibitory antibodies (Kallio et al.,
point-mediated inhibition of the anaphase-promoting 2002) or small-molecule inhibitors (Ditchfield et al., 2003;
Hauf et al., 2003), suggesting conservation of function.
Because the biased segregation of chromosomes to*Correspondence: sbiggins@fhcrc.org
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the bud in ipl1 mutants was eliminated by the transient
disruption of microtubules, it was proposed that Ipl1p
promotes the turnover of mono-oriented kinetochore-
microtubule interactions (Tanaka et al., 2002). A crucial
in vivo target of Ipl1p is the Dam1/DASH/DDD complex
(Cheeseman et al., 2002). The phenotypes of a dam1
mutant thought to mimic constitutive Ipl1p phosphoryla-
tion are consistent with this complex acting as a micro-
tubule release factor.
Figure 1. mtw1-1 Mutants Activate the Spindle Checkpoint in an
It is not known whether there are kinetochore proteins IPL1-Dependent Manner
in addition to Ipl1 and Dam1 that are required for biorien- Wild-type (SBY818), mtw1-1 (SBY1646), mtw1-1 mad2 (SBY1713),
tation. The essential Mtw1 (mis twelve-like) protein, and mtw1-1 ipl1-321 (SBY1724) cells containing Pds1-myc18 were
which copurifies with the largely nonessential Ctf19 arrested in G1 and released to 37C. Lysates were prepared at the
indicated time points (min) and immunoblotted with anti-myc anti-complex (Cheeseman et al., 2002), is a particularly intri-
bodies.guing candidate for a mediator of kinetochore biorienta-
tion. In mtw1 mutants and cells depleted of Mtw1 pro-
tein, DNA segregates into two unequal masses, and
sister centromeres frequently lose biorientation (Go- mutant is due to the spindle checkpoint by analyzing
shima and Yanagida, 2000), suggesting that kineto- Pds1p levels over the cell cycle. Because the spindle
chore-microtubule attachments are made but not prop- checkpoint inhibits the APC, checkpoint activation leads
erly regulated. Mutations in the fission yeast mis12 result to the stabilization of Pds1p. Although Pds1p levels cy-
in sister chromatids that are initially pulled toward the cled in wild-type cells, they were stabilized in mtw1-1 mu-
same pole, indicating mono-oriented attachments (Go- tant cells (Figure 1). Pds1p stabilization in the mtw1-1
shima et al., 1999). Furthermore, when protein levels of cells is due to the spindle checkpoint because mtw1-1
the human homolog, hMis12, are reduced by siRNA in mad2 cells that lack checkpoint function no longer
cell culture, chromosomes are misaligned in a manner stabilized Pds1p. In mtw1-1 ipl1-321 cells, Pds1p levels
consistent with biorientation defects (Goshima et al., cycled similar to wild-type, indicating that Ipl1p is re-
2003). MTW1 (DSN3, NSL2) was also identified along quired to engage the spindle checkpoint in response to
with the essential genes DSN1 (dosage suppressor of defects in Mtw1p function. These results suggest that
nnf1-17) and NSL1 (nnf1-17 synthetic lethal) based on mtw1-1 mutants are defective in tension.
genetic interactions with NNF1 (necessary for nuclear
function), an essential gene with a role in chromosome
segregation (Euskirchen, 2002; Shan et al., 1997). The Dsn1 Is a Kinetochore Protein
genetic interactions and similar localization patterns that Suppresses mtw1-1
suggested that these proteins might physically interact To identify additional genes that act with MTW1, we
at the kinetochore. isolated mtw1-1 dosage suppressors (Figure 2A). One
We show here that Mtw1p does associate with Dsn1, of the suppressing plasmids contained the DSN1 gene.
Nnf1, and Nsl1, as well as the Mif2 and Cse4 inner kineto- At the restrictive temperature, high-copy DSN1 restored
chore proteins. Defects in Mtw1p require Ipl1p function mtw1-1 growth to wild-type levels. In addition, low-copy
to activate the spindle checkpoint, suggesting that DSN1 partially suppressed mtw1-1 growth defects, indi-
Mtw1p is required for kinetochore tension. Mutations in cating that DSN1 is a strong suppressor of the mtw1-1
MTW1 and DSN1 have similar phenotypes leading to mutant.
spindle checkpoint activation with chromosomes unat- The strong genetic interaction between DSN1 and
tached to the spindle. Strikingly, chromosome attach- MTW1 suggested that Dsn1 might also be a kinetochore
ments to the spindle are completely restored in mtw1 protein. We therefore monitored the association of Dsn1p
mutants when Ipl1p function is absent, suggesting that with centromeric DNA by chromatin immunoprecipita-
Mtw1p is required to generate kinetochore biorientation tion (ChIP) in wild-type and ndc10-1 mutant cells defec-
but not microtubule attachments. Taken together, these tive in CBF3 function. Dsn1p was immunoprecipitated
data demonstrate that the Ipl1p kinase detects improper from chromatin extracts and coprecipitating centromere
kinetochore-microtubule attachments and is required III (CEN III) sequence was amplified by multiplex PCR
to generate unattached chromosomes in response to in a reaction also containing control primers to a se-
these defects. quence 4 kb upstream (IIIL). In wild-type cells, the CEN III
signal was enriched over the background control (Figure
2B), confirming that Dsn1 is a centromere-associatedResults
protein. This association requires functional kineto-
chores because ndc10-1 cells grown at the restrictiveSpindle Checkpoint Activation in the mtw1-1
temperature showed a marked reduction in CEN III sig-Mutant Requires Ipl1p
nal. We also localized an endogenous COOH-terminalKinetochore components involved in generating and/
fusion of Dsn1p to GFP by microscopy and found thator maintaining tension but not microtubule attachment
it localized to kinetochores, consistent with previousshould require Ipl1p for checkpoint activation. One mu-
data (data not shown and Euskirchen, 2002). Taken to-tant of particular interest was mtw1-1, because its phe-
gether, these data demonstrate that Dsn1 is a kineto-notype was consistent with a defect in biorientation. We
first confirmed that the metaphase delay in the mtw1-1 chore protein.
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Figure 2. Dsn1 Is a Kinetochore Protein that
Can Suppress the mtw1-1 Mutant
(A) DSN1 is a dosage suppressor of mtw1-1.
5-fold serial dilutions of wild-type cells with
2-micron plasmid (2) (SBY2341), or mtw1-1
cells with 2-micron plasmid (SBY2337), DSN1
2-micron plasmid (SBY2339), and DSN1 CEN
(SBY2340) were plated at 23C and 37C.
(B) Dsn1p associates with centromeric DNA
in an Ndc10p-dependent manner. Wild-type
(SBY2359) and ndc10-1 (SBY2360) cells ex-
pressing Dsn1p-myc13 were incubated at ei-
ther 23C or 37C for 3 hr and analyzed by
ChIP.
Dsn1p Immunoprecipitates with Mtw1p, Nnf1p, Dam1/DASH/DDD complex, respectively. In addition,
we evaluated the interactions with the inner kinetochoreNsl1p, and the Inner Kinetochore Proteins Mif2
and Cse4 protein Mif2. Dsn1p and Mtw1p did not immunoprecipi-
tate with Ctf13p, Dam1p, or Ndc80p, suggesting that theyWe next tested whether the Dsn1 and Mtw1 kinetochore
proteins associate by immunoprecipitation experi- do not associate with any of these known complexes
(Figure 3C and data not shown). However, Mif2p inter-ments. We generated strains co-expressing endoge-
nous COOH-terminal fusions of Dsn1p-HA3 and Mtw1p- acted with Dsn1p and Mtw1p, thereby linking Dsn1p
and Mtw1p to the inner kinetochore.myc13 and found that Mtw1p immunoprecipitated
Dsn1p (Figure 3A). In addition, Dsn1p immunoprecipi- This link to the inner kinetochore suggested that there
might also be interactions with Cse4p. To test this, wetates contained Mtw1p (data not shown). Due to the
genetic interactions between the DSN1, MTW1, NNF1, immunoprecipitated Dsn1p-myc13 and immunoblotted
with anti-Cse4p antibody (Figure 4A). In a similar man-and NSL1 genes, we next tested whether Nnf1p and
Nsl1p also bound to Dsn1p. We found that both Nnf1p ner, we analyzed the interactions between Cse4p and
Mtw1p, Nsl1p, Nnf1p, and Mif2p. All of these proteinsand Nsl1p immunoprecipitate Dsn1p to the same high
level as Mtw1p (Figure 3A). In addition, Nnf1p and Nsl1p immunoprecipitated Cse4p, although the strongest in-
teraction detected was between Mif2p and Cse4p (Fig-immunoprecipitate Mtw1p (data not shown). Therefore,
Dsn1p and Mtw1p associate with each other, as well as ure 4A). Consistent with a previous report (Measday et
al., 2002), we did not detect Cse4p association withNnf1p and Nsl1p.
Because Mtw1p had been shown by mass spectrome- Ctf19p, indicating that the interactions described here
are specific (data not shown).try to copurify with the central kinetochore Ctf19 com-
plex, we examined the association of Mtw1p and Dsn1p
with Ctf19p. Using strains co-expressing either Dsn1p- Dsn1p Centromere Association Requires
Cse4/CENP-AHA3 or Mtw1p-HA3 and Ctf19p-myc13, we found that
Ctf19p immunoprecipitated low levels of Dsn1p and To determine the requirements for Dsn1p kinetochore
assembly, we utilized ChIP to monitor the centromereMtw1p (Figure 3B and data not shown). This substoichi-
ometric interaction with Dsn1p was also seen in experi- association of Dsn1p in a series of temperature-sen-
sitive mutants representing the various kinetochorements with other members of the Ctf19 complex, the
Ctf3 and Chl4 proteins (data not shown). In contrast, subcomplexes. Wild-type, dam1-11, ndc80-1, ipl1-321,
mtw1-1, mif2-3, and cse4-323 cells were subjected tohigher levels of Dsn1p immunoprecipitated with a com-
parable amount of Mtw1p. These experiments indicate Dsn1p ChIP analysis (Figure 4B). Dsn1p was centromere
associated in all strains except cse4-323 at the restric-that Mtw1p and Dsn1p are more commonly associated
with each other than with the Ctf19 complex. tive temperature, indicating that Cse4p is required for
Dsn1p kinetochore assembly.To further determine the context of physical interac-
tions that define the position of Dsn1p and Mtw1p in
the kinetochore, we carried out a series of immuno- mtw1-1 Mutants Missegregate the Spindle
and DNA When the Spindle Checkpoint Is Activeprecipitation assays using strains with Dsn1p-HA3 or
Mtw1p-HA3 and test kinetochore proteins tagged with To further investigate the function of Mtw1p and Dsn1p
in chromosome segregation, we generated tempera-the myc13 epitope. We analyzed interactions with Ctf13p,
Ndc80p, and Dam1p, components of the inner CBF3 ture-sensitive dsn1 mutants and analyzed them with the
previously identified mtw1-1 mutant. Wild-type cells andcomplex, the central Ndc80p complex, and the outer
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Figure 3. Dsn1p Physically Associates with
the Mtw1, Nsl1, Nnf1, and Mif2 Proteins
(A) Dsn1p immunoprecipitates with Mtw1p,
Nsl1p, and Nnf1p. Extracts from cells express-
ing Dsn1p-HA3 alone (SBY2153) or in combi-
nation with Mtw1p-myc13 (SBY2191), Nsl1p-
myc13 (SBY2513), or Nnf1p-myc13 (SBY2517)
were immunoprecipitated with anti-myc anti-
body. Extracts (Input) and immunoprecipi-
tates (IP) were analyzed by anti-HA and anti-
myc immunoblotting.
(B) The association of Dsn1p with Ctf19p is
not stoichiometric. Extracts from cells ex-
pressing Dsn1p-HA3 alone (SBY2153) and
in combination with either Mtw1p-myc13
(SBY2191) or Ctf19p-myc13 (SBY2192) were
immunoprecipitated as above.
(C) Dsn1p immunoprecipitates with Mif2p but
not Ctf13p-myc13 or Dam1p-myc9. Extracts
from cells expressing Dsn1p-HA3 alone
(SBY2153) or in combination with Mtw1p-
myc13 (SBY2191), Ctf13p-myc13 (SBY2480),
Mif2p-myc13 (SBY2478), or Dam1p-myc9
(SBY2477) were immunoprecipitated as above.
mtw1-1 and dsn1-1 mutant cells were arrested in G1 and dsn1-1 mutant cells, we considered the possibility
that the aberrant DNA segregation was due to defectivewith  factor and then released at the restrictive temper-
ature and monitored for budding index and DNA segre- kinetochores. In wild-type cells, sister chromatid cohe-
sion opposes the pulling forces of the mitotic spindle,gation. Consistent with our mtw1-1 spindle checkpoint
analysis, dsn1-1 activated the checkpoint (data not keeping the metaphase spindle short (Waters et al.,
1996). However, kinetochore defects can lead to prema-shown). Despite spindle checkpoint activation, more
than 40% of the mtw1-1 and 69% of the dsn1-1 large ture spindle elongation and DNA segregation in the pres-
ence of Pds1p. Consistent with a kinetochore defect,budded cells segregated their DNA into two masses,
consistent with previous studies on mtw1-1 (Figure 5A; mtw1-1 apc mutant cells held in metaphase by pre-
venting Pds1p proteolysis have partially elongatedGoshima and Yanagida, 2000). Since the spindle check-
point inhibits DNA segregation by preventing the loss spindles (Goshima and Yanagida, 2000). To determine
whether this expansion of the metaphase spindle couldof cohesion, the mtw1-1 and dsn1-1 mutant phenotypes
could be due to a defect in the linkage between sister account for the observed missegregation, we examined
spindles in mtw1-1 cells expressing GFP-Tub1. 140 minchromatids. We therefore analyzed whether sister chro-
matids precociously separated during the metaphase after release from G1 at the restrictive temperature, the
majority of large budded mtw1-1 cells had short spindlesarrest in the mtw1-1 and dsn1-1 mutant cells. To visual-
ize sister chromatids, a GFP-lactose repressor fusion (92%), compared to only 6% of wild-type cells. There-
fore, inappropriate spindle elongation cannot explainprotein (GFP-lacI) was expressed in strains containing
an array of lactose operators (lacO) integrated on the the apparent DNA segregation in the mtw1-1 mutant
cells. However, we observed a striking spindle pheno-arm of chromosome IV. We found that only 5% of the
chromosome IV sister chromatids had separated into type that could account for the mtw1-1 and dsn1-1 mu-
tant phenotypes. We analyzed mtw1-1 large buddedtwo discrete dots in the mtw1-1 mutant large budded
cells compared to 93% in wild-type cells 140 min after cells with segregated DNA masses and found that 79%
had a short metaphase spindle that had migrated intorelease from G1. The dsn1-1 mutant cells revealed simi-
lar phenotypes, indicating that the mutants are not de- the bud (Figure 5B). This phenotype has never been
reported for checkpoint-arrested cells that typicallyfective in sister chromatid cohesion.
Because sister chromatids remain linked in the mtw1-1 maintain the short spindle in the mother cell at the bud
Ipl1p/Aurora Monitors an Mtw1 Kinetochore Complex
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Figure 4. Cse4p Interacts with Dsn1p,
Mtw1p, Mif2p, Nsl1p, and Nnf1p and Is Re-
quired for Dsn1p Kinetochore Assembly
(A) Extracts from wild-type cells (SBY2153)
and cells expressing Dsn1p-myc13, Mtw1p-
myc13 (SBY2191), Mif2p-myc13 (SBY2478),
Nsl1p-myc13 (SBY2513), and Nnf1p-myc13
(SBY2517) were immunoprecipitated with
anti-myc antibody. Extracts (Input) and im-
munoprecipitates (IP) were analyzed by anti-
Cse4p and anti-myc immunoblotting. Cse4p
(arrow) migrates just above a cross-reacting
band (asterisk).
(B) Dsn1p associates with centromeric DNA
in a Cse4p-dependent manner. Wild-type
(SBY2359) dam1-11 (SBY2361), ndc80-1
(SBY2362), ipl1-321 (SBY2535), mtw1-1
(SBY2367), mif2-3 (SBY2501), and cse4-323
(SBY2469) cells expressing Dsn1p-myc13
were incubated at either 23C or 37C for 3
hr and analyzed by ChIP.
neck. Consistent with this spindle defect, the mtw1-1 axis. Although this underestimates the percentage of
and dsn1-1 mutant cells exhibited abnormally long cyto- unattached sister chromatids, this distance ensures that
plasmic microtubules that sometimes stretched around the chromosomal position of the lactose operators does
the cell (data not shown). Similar astral microtubule phe- not affect our analysis. We found that chromosome IV
notypes were previously reported in nnf1-17 mutant was unattached in 56% of the mtw1-1 cells. We also
cells (Shan et al., 1997), providing further evidence that analyzed fluorescently marked chromosomes III and VII
these proteins function in a complex. Although the short in mtw1-1 mutants with GFP-tubulin. In contrast to chro-
spindle was often misaligned, there were no apparent mosome IV, we found that chromosomes III and VII were
morphological defects in the nuclear microtubules (see not attached 13% and 17% of the time, respectively.
Figures 5B and 6A). Although we cannot account for the chromosomal differ-
ence in attachment, these data do explain why the bud
often contains a significant fraction of DNA.mtw1-1 Mutants Contain Chromosomes
To confirm our hypothesis about the origin of mtw1-1that Are Not Attached to the Spindle
mutant phenotypes, we performed live cell imaging ofThe short spindle missegregation into the bud sug-
mtw1-1 mutant cells containing GFP-tubulin and fluo-gested a potential mechanism that could generate the
rescently marked chromosome IV. Because mtw1-1 cellsasymmetric DNA segregation phenotype in the mtw1
arrest in metaphase, we used a cdc23-1 mutant thatand dsn1 mutant cells. DNA attached to the spindle in
arrests in metaphase due to defects in Pds1 proteolysisthe mutant cells should segregate into the bud, while
as a control. Cells were released to the restrictive tem-any unattached DNA would remain in the mother cell.
perature and time-lapse images were captured every 30To test this possibility, we colocalized spindles and fluo-
s. In control metaphase-arrested cells, we found thatrescently marked sister chromatids in the mtw1-1 mu-
the short spindle quickly became properly positionedtant cells. Wild-type and mtw1-1 mutant cells containing
at the bud neck, where it wobbled slightly during theGFP-Tub1 and fluorescently marked chromosome IV
arrest (Figure 6B). We were unable to visualize chromo-were arrested in G1 and released to the restrictive tem-
some IV in these cells, presumably because it is on theperature. Cells were analyzed 120 min after release for
spindle axis and therefore obscured by tubulin fluores-the distribution of the spindle and sister chromatids.
cence. When we analyzed the mtw1-1 mutant cells, weWhen sister chromatids colocalized on the same axis
found that the short spindles rotated 180 and movedwith tubulin, we assumed that the chromosome was
entirely into and then out of the bud. In addition, chromo-attached to the spindle (see Figure 6A). We character-
some IV was clearly unattached from the spindle in manyized a sister chromatid as unattached to the spindle
when it was at least 0.65 m away from the spindle frames (for example, see frame 33). Taken together,
Developmental Cell
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ipl1-321 mutant cells containing GFP-Tub1 and fluores-
cently marked chromosome IV were arrested in G1 and
released to the restrictive temperature. We analyzed
chromosome IV because it is the chromosome most
often left in the mother cell in the mtw1-1 mutants. 80
min after release, cells containing short spindles were
analyzed. 29% of the chromosomes were unattached
in mtw1-1 mutant cells, compared to less than 2% in
the wild-type, ipl1-321, and mtw1-1 ipl1-321 cells (Figure
7A). Similar to the mtw1-1 cells, 25% of the chromo-
somes were unattached in the mtw1-1 mad2 cells.
The percentage of unattached chromosomes in both
the mtw1-1 and mtw1-1 mad2 mutant cells was lower
than the mtw1-1 mutant described in Figure 6 because
the chromosomes do not have as much time to diffuse
away from the spindle. Therefore, we also analyzed
chromosome segregation to the bud as a second assay
for microtubule attachment, since chromosomes can
get to the daughter cell only by their attachment to the
spindle. Wild-type, ipl1-321, mtw1-1 mad2, and mtw1-1
ipl1-321 mutant cells were arrested in G1, released to
the restrictive temperature, and monitored for the distri-
bution of chromosome IV. 120 min after release, both
copies of chromosome IV segregated to the bud in only
1% of wild-type cells and 9% of the mtw1-1 mad2
mutant cells. Consistent with previous results (TanakaFigure 5. mtw1-1 Mutants Missegregate DNA and Spindles
et al., 2002), both copies of chromosome IV segregated(A) mtw1-1 and dsn1-1 mutant cells missegregate DNA. Wild-type
to the daughter cell 40% of the time in ipl1-321 mutant(SBY818), mtw1-1 (SBY1646), and dsn1-1 (SBY2582) strains were
cells. Strikingly, chromosome segregation in the mtw1-1released to 37C, and cells were monitored for budding and DNA
segregation. 140 min after release, large budded cells stained with ipl1-321 double mutant cells was similar to the ipl1-321
DAPI were scored for DNA distribution. The two masses of DNA mutant cells: 45% of the time, chromosome IV segre-
category contained both equal and unequal segregation. gated to the bud (Figure 7B). We observed comparable
(B) mtw1-1 mutants have short spindles that migrate into the bud.
results in the mtw1-1 ipl1-321 mad2 triple mutant (dataWild-type (SBY2370) and mtw1-1 (SBY2371) cells expressing GFP-
not shown). Therefore, mtw1-1 mutant kinetochores areTub1p were arrested in G1 and released to 37C. 140 min after
competent to bind to microtubules, but the presence ofrelease, large budded cells with two masses of DNA were analyzed
for spindle length and position. Scale bar equals 10 m. Ipl1p activity generates unattached kinetochores. Taken
together, these data suggest that one function of Mtw1p
is to generate kinetochore biorientation that is sensed
by the Ipl1p kinase.this data is consistent with our fixed cell imaging and
supports our proposal that the mtw1 mutants appear
Discussionto have segregated their DNA asymmetrically because
the short spindle inappropriately migrates into the bud,
The biorientation of sister kinetochores ensures the cap-leaving unattached DNA in the mother cell.
ture of microtubules arising from opposite poles of the
mitotic spindle and is fundamental to accurate segrega-
tion. We show here that the Mtw1 and Dsn1 proteinsIpl1p Activity Generates Unattached
physically interact in an inner kinetochore complex.Chromosomes in mtw1-1 Mutant Cells
mtw1-1 mutant cells activate the spindle checkpoint inThe analysis of chromosome attachment to the spindle
an IPL1-dependent manner, suggesting they are defec-suggested that mtw1-1 mutant cells are defective in
tive in achieving biorientation. In support of this, themaking microtubule attachments. However, this was not
generation of unattached chromosomes in mtw1 mu-consistent with our observation that the mtw1-1 spindle
tants requires Ipl1p function. We therefore propose thatcheckpoint arrest requires Ipl1p function, which impli-
the Mtw1 complex promotes sister kinetochore biorien-cated Mtw1p in generating kinetochore tension. We
tation that is monitored by the Ipl1p kinase.therefore considered the possibility that Ipl1p activity
promoted microtubule detachment in the mtw1-1 mu-
tant cells. If this were true, removing Ipl1p function in Protein Interactions at the Budding Yeast
Inner Kinetochoremtw1-1 mutants should restore attachment. To analyze
this, we colocalized spindles and fluorescently marked We show here that Mtw1p physically associates with
three previously unidentified kinetochore proteins,sister chromatids in the mtw1-1 ipl1-321 mutant cells.
Because the mtw1-1 ipl1-321 mutants do not arrest in Dsn1, Nnf1, and Nsl1, as well as the Mif2 and Cse4 inner
kinetochore proteins. These interactions place Mtw1pmetaphase, we compared mtw1-1 mad2 mutant cells,
which also fail to arrest, as well as the mtw1-1 mutant. and the uncharacterized kinetochore proteins at the in-
ner kinetochore proximal to the centromeric DNA. InWild-type, mtw1-1, mtw1-1 mad2, ipl1-321, and mtw1-1
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Figure 6. mtw1-1 Mutants Contain Unattached Chromosomes
(A) mtw1-1 mutant cells expressing GFP-Tub1p and fluorescently marked chromosome IV (SBY2350, 12 kb to the right of CEN IV), VII (SBY2539,
18 kb to the left of CEN VII), or III (SBY2534, 2 kb to the right of CEN III) were arrested in G1 and released to 37C. 120 min after release, cells
with short spindles (arrowheads) were scored for whether their sister chromatids (arrows) were on (left panels) or off (right panels) the spindle
axis. Sister chromatids were always found on the spindle axis in the wild-type cells (data not shown). The bars indicate the 95% confidence
interval. Scale bar equals 10 m.
(B) Live microscopy was performed on cdc23-1 (SBY817) control and mtw1-1 (SBY2350) mutant cells expressing GFP-Tub1p and fluorescently
marked chromosome IV. Cells were arrested in G1 and released to 36C, and 8 z-sections at 0.5 m intervals were acquired every 30 s.
Images of single cells are shown every 3 min. An outline of the cell is shown at time 0 min, when the spindle is properly aligned and positioned,
and at time 33 min. The arrows show the unattached sister chromatids in the mtw1-1 mutant cell. Scale bar equals 10 m.
multicellular eukaryotes, the Mtw1p homolog hMis12 localization of fission yeast and human Mis12 (Goshima
et al., 2003; Takahashi et al., 2000), and we currently docolocalizes to the inner kinetochore plate with Mif2/
CENP-C and Cse4/CENP-A (Goshima et al., 2003), sug- not understand the basis for these differences.
Previously, Mtw1p was copurified as a component ofgesting that these interactions might be conserved. In
addition, we found that the association of Mtw1p and the central kinetochore Ctf19 complex (Cheeseman et
al., 2002). We found that Mtw1p was able to immunopre-Dsn1p with centromeric DNA depends on Cse4p. This
is in contrast to the CENP-A-independent kinetochore cipitate more Dsn1 protein than Ctf19p, suggesting that
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We identified DSN1 as a dosage suppressor of the
mtw1-1 mutant and showed that Dsn1p, Nnf1p, and
Nsl1p are kinetochore proteins that interact to equal
levels with one another and Mtw1p as previously pro-
posed (Euskirchen, 2002). Though these proteins are
conserved in a variety of fungi, we have not yet identified
homologs in multicellular eukaryotes. Because mutant
alleles of these genes have similar phenotypes and ex-
hibit strong genetic interactions, we believe that Mtw1p,
Dsn1p, Nnf1p, and Nsl1p constitute a kinetochore sub-
complex. Cse4p and Mif2p also immunoprecipitate with
these proteins, suggesting they might be additional
components of this putative subcomplex.
mtw1 Mutants Are Defective in Chromosome
Segregation and Spindle Position
The spindle checkpoint inhibits sister chromatid separa-
tion until cells achieve biorientation. Most defects in
kinetochore function that activate the spindle check-
point arrest cells in metaphase with a short spindle and
a single DNA mass positioned at the bud neck. Because
it was previously reported that mtw1-1 mutant cells mis-
segregate their DNA in two unequal masses (Goshima
and Yanagida, 2000), it was unclear whether the spindle
checkpoint was activated. However, we found that this
missegregation occurs in the presence of an active spin-
dle checkpoint. In contrast, S. pombe mis12 mutants
and hMis12 knockdown cells do not activate the spindle
checkpoint despite severe defects in chromosome seg-
regation that include lagging chromosomes in the
knockdown cells (Goshima et al., 1999, 2003). Because
lagging chromosomes can result from biorientation de-
fects that lead to kinetochores binding to microtubules
from opposite poles (merotelic attachments), these dataFigure 7. The mtw1-1 Mutant Requires Ipl1p Function to Generate
are consistent with Mis12 having a role in biorientation.Unattached Chromosomes
In addition, merotelic attachments do not engage the(A) The removal of Ipl1p restores attachment in the mtw1-1 mutant.
spindle checkpoint (Cimini et al., 2001), possibly be-Wild-type (SBY2349), mtw1-1 (SBY2350), mtw1-1 mad2 (SBY2611),
cause tension is generated when kinetochores inap-ipl1-321 (SBY1998), and mtw1-1 ipl1-321 (SBY2466) cells express-
ing GFP-Tub1p and fluorescently marked chromosome IV were re- propriately attach to microtubules from both poles.
leased to 37C. 80 min after release, cells with short spindles were However, budding yeast kinetochores cannot make
scored for whether their sister chromatids were on or off the spin- merotelic attachments because there is only one micro-
dle axis. tubule binding site per kinetochore. Therefore, budding
(B) The removal of Ipl1p alters mtw1-1 chromosome segregation.
yeast may activate the spindle checkpoint in responseWild-type (SBY818), ipl1-321 (SBY819), mtw1-1 mad2 (SBY1713),
to biorientation defects because tension cannot be gen-and mtw1-1 ipl1-321 (SBY1724) cells containing fluorescently
erated.marked chromosome IV were arrested in G1 and released to 37C
for 120 min. Large budded cells were monitored for the distribution We show that the DNA missegregation in the mtw1-1
of chromosome IV. The bars indicate the 95% confidence interval. mutant is not due to either premature sister chromatid
separation or spindle elongation. Rather, the short spin-
dles in mtw1-1 mutant cells often migrate into the bud,
Dsn1p and Mtw1p may not be stoichiometric compo- thereby moving all attached DNA into the bud. Because
nents of the Ctf19 complex. In addition, Ctf19p associa- the mispositioned spindle leaves behind some unat-
tion with centromeric DNA is independent of Mtw1p tached DNA, the cell appears to have attempted chro-
function (data not shown), suggesting that Mtw1p does mosome segregation. Two lines of evidence indicate
not recruit Ctf19p to the kinetochore. Mtw1p has also that intact chromosomes and not chromosomal frag-
been implicated as an outer kinetochore protein be- ments are left in the mother cell. First, the mtw1-1 meta-
cause it was isolated in a highly enriched preparation phase arrest is alleviated by deletion of the spindle
of the spindle pole body (SPB) that also contained com- checkpoint, indicating that defects in Mtw1p function
ponents of the peripheral Ndc80 and Dam1/DASH/DDD do not activate DNA damage checkpoints. Second, the
complexes (Wigge and Kilmartin, 2001). However, we attachment defect is completely suppressed by inacti-
were unable to detect association of Mtw1p with compo- vation of Ipl1p, a result that would not be possible if
nents of these complexes. Therefore, Mtw1p may func- there were chromosomal breaks.
tion in multiple cellular contexts, or these copurifications The spindle migration defect observed in the mtw1-1
might represent an additional complexity in kineto- mutant has not been reported for other spindle check-
point-arrested cells and suggests that Mtw1p functionchore structure.
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contributes to SPB asymmetry or proper interactions removing Ipl1p function in mtw1-1 mutants restored the
attachment of sister chromatids to the spindle. Becausebetween the astral microtubules and the cell cortex. It
both chromosome attachment and segregation in mtw1-1is important to note that both mtw1-1 and nnf1-17 mu-
ipl1-321 cells was identical to the ipl1-321 cells, thetants are also defective in spindle orientation, as the
mtw1-1 attachment defect is completely suppressed byshort spindles are often perpendicular to the mother-
loss of Ipl1p function. It is therefore unlikely that thebud axis. Future work will be needed to determine
elimination of Ipl1p function simply strengthens weakwhether these phenotypes are a consequence of de-
kinetochore-microtubule interactions. In addition, thisfects in Mtw1p’s kinetochore function or instead reflect
data strongly argues that mtw1-1 mutants have kineto-independent roles for the Mtw1 complex in spindle posi-
chores that are competent to attach to microtubules. Intioning. Because the budding yeast undergoes a closed
support of this, the lack of a cell cycle delay when Mis12mitosis, it will also be critical to evaluate the state of
is depleted by siRNA in human cells or mutated in fissionthe nuclear envelope in mtw1-1 mutant cells.
yeast is consistent with microtubules attaching to kinet-
ochores, thus satisfying the spindle checkpoint (Goshimamtw1-1 Mutants Uncover Chromosomal
et al., 1999, 2003). We therefore favor the interpretationDifferences in Segregation Fidelity
that mtw1-1 mutant kinetochores bind to microtubulesIn our analysis of the mtw1-1 mutant, we found that the
but are defective in biorientation so that Ipl1p generatesdefect in attachment to the spindle consistently varied
unattached kinetochores.among chromosomes. Though this data explains why
There are several ways that Mtw1p could facilitate thethe bud often contains a significant fraction of DNA, it is
biorientation of sister kinetochores. First, Mtw1p mightunclear why these particular chromosomes differentially
contribute to the rigidity of the kinetochore and stericallyattach to the spindle. The differences could be due to
inhibit mono-orientation. The placement of Mtw1p atvariation in the ability of chromosomes to achieve bior-
the inner kinetochore due to interactions with the Mif2ientation, to signal defects in kinetochore tension, or to
and Cse4 proteins might reflect a role for centromericbe detached by an Ipl1p-mediated correction mecha-
chromatin structure in mediating proper kinetochore ori-nism. One determinant might be chromosome size. We
entation. However, if Mtw1p facilitated sister kineto-found that chromosome IV, the second largest budding
chore orientation, mtw1-1 ipl1-321 double mutants wouldyeast chromosome (1532 kb), was unattached more of-
likely be more defective for biorientation than either sin-ten than the smaller chromosomes III and VII. However,
gle mutant. Since the double mutant phenotype is thechromosome III (317 kb) was unattached nearly as often
same as the ipl1-321 phenotype, it suggests that theyas chromosome VII (1091 kb), indicating that size is
act in the same pathway to ensure biorientation. Mtw1pnot the only contributing feature. Factors such as the
cannot be required to signal Ipl1p that there is a tension
position of the centromere or the distribution of centro-
defect, because Ipl1p can detach chromosomes in the
meric cohesion might also result in chromosomal differ-
absence of Mtw1p function. Therefore, one possibility
ences. In the future, it will be important to analyze addi- is that Mtw1p acts downstream of Ipl1p to stabilize bior-
tional chromosomes in both wild-type and mtw1-1 iented attachments. For example, Mtw1p could convert
mutant cells to determine the mechanistic basis for lateral microtubule attachments into end-on attach-
these differences. ments that are more stable. Alternatively, Mtw1p might
be important for generating tension on kinetochores that
Mtw1p Is Required for Kinetochore Biorientation have already made bipolar attachments.
We propose that Mtw1p is required for the physical The data presented here suggest that Mtw1p is in-
tension that results from biorienting sister kinetochores, volved in biorientation and not in microtubule attach-
consistent with previous data. Although we were able ment. In addition, this work directly demonstrates that
to detect unattached chromosomes in the mtw1-1 mu- Ipl1p promotes the turnover of improper kinetochore-
tant, we provide two lines of evidence consistent with microtubule interactions as previously proposed (Ta-
this being due to a biorientation defect that leads to naka et al., 2002). We have provided evidence that
Ipl1p-mediated release of microtubule attachments. Mtw1p is part of an inner kinetochore complex, and in
First, the checkpoint arrest induced by the mtw1-1 mu- the future it will be important to elucidate the mechanism
tant requires Ipl1p function. Because Ipl1p is required that this complex uses to promote biorientation. We are
to activate the spindle checkpoint in response to defects actively pursuing the molecular basis for the difference
in kinetochore tension but not attachment, this suggests between mtw1 and mtw1 ipl1 mutant kinetochores to
that mtw1-1 mutant kinetochores are not under suffi- understand how Ipl1p detects and responds to defects
cient tension and that Ipl1p does directly monitor the in Mtw1p function.
state of kinetochores. This result is not necessarily spe-
Experimental Procedurescific to mtw1-1, and future work will be required to deter-
mine if defects in other kinetochore components also
Microbial Techniques
require Ipl1p to engage the spindle checkpoint. We be- Media and microbial techniques were essentially as described (Rose
lieve that this tension deficiency is a direct consequence et al., 1990; Sherman et al., 1974). All experiments in which cells
were released from a G1 arrest were carried out by  factor arrestof defects in Mtw1p function and not a failure in kineto-
and release as described (Biggins and Murray, 2001).chore assembly, because kinetochore proteins we have
tested remain centromere associated in mtw1-1 mutant
Yeast Strain Construction
cells (data not shown). In addition, Mtw1p is required to Yeast strains are listed in Supplemental Table S1 (http://www.
maintain biorientation that is established at metaphase developmentalcell.com/cgi/content/full/5/5/735/DC1) and were con-
structed by standard genetic techniques. The ndc10-1 (Goh and(Goshima and Yanagida, 2000). Second, we found that
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Kilmartin, 1993), cse4-323 (Biggins et al., 2001), mif2-3 (Brown et GST-Cse4 protein was purified as described (Kellogg et al., 1995).
The antibodies were affinity purified by coupling GST-Cse4p to Sul-al., 1993), ndc80-1 (Wigge et al., 1998), dam1-11 (Cheeseman et al.,
2001), and ipl1-321 (Biggins et al., 1999) alleles were crossed to foLink Coupling gel (Pierce Chemical Co.). Protein loading was con-
firmed in all experiments by anti-tubulin immunoblotting (data notmake strains for this study. Strains containing TUB1-GFP:URA3
were obtained by integrating plasmid pMAS27 (a gift from Marion shown).
Shonn, Tufts University, Boston, MA) digested with StuI at the URA3
locus. Deletions, as well as the HA3 and myc13 epitope tags, were Immunoprecipitation Assays
made using a PCR-based integration system (Longtine et al., 1998). 50 ml cultures of mid-log cells were collected and lysates were
Specific primer sequences are available on request. Deletions and prepared as described (Buvelot et al., 2003). 400 l supernatant
epitope tags were confirmed by PCR. All fusion proteins are fully was incubated with 5 l protein G dynabeads (Dynal Biotech, Inc.)
functional except SBY2480, which is temperature sensitive. and 5 l of A-14 anti-myc antibody (Santa Cruz Biotechnology) for
2 hr at 4C. The beads were washed 5 times with 500 l lysis buffer
Plasmid Construction and the immunoprecipitates were separated by SDS-PAGE and im-
The MTW1 genomic region was isolated by digesting pSB507 with munoblotted as above.
KpnI-BglII and ligating the 2182 bp fragment into the KpnI-BamHI
sites of pRS306 (Sikorski and Hieter, 1989) to create pSB512. The Chromatin Immunoprecipitation
DSN1 gene was PCR amplified from pSB654 using primers SB569 ChIP was as described (Aparicio et al., 1997). The immunoprecipita-
and SB570. These primers engineer EcoRI and XhoI sites 500 bp tions used A-14 anti-myc antibody (Santa Cruz Biotechnology). We
upstream and downstream of the DSN1 gene, respectively. The confirmed immunoprecipitation under all conditions by immunoblot-
resulting PCR product was digested with EcoRI-XhoI and ligated ting with the 9E10 anti-myc antibody (data not shown). To detect
into the EcoRI-XhoI sites of pRS316, pRS314, and pRS326 (Sikorski centromeric sequences, DNA was analyzed by multiplex PCR using
and Hieter, 1989) to create pSB624, pSB631, and pSB630, respec- a primer pair specific for CEN III (SB399, SB400) and a control pair
tively. To create a dsn1-1 integrating plasmid, pSB655 was digested specific for a region 4 kb to the left (SB225, SB226). The ChIP
with EcoRI-XhoI and ligated into the EcoRI-XhoI sites of pRS306 to experiments were not quantified.
create pSB656. The GST-Cse4p clone was made by PCR amplifica-
tion of the CSE4 gene using primers SB248 and SB247 that have
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